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PREFACE

This report was prepared by the Structural Acoustics ITD Team under Task 49 of NASA's
High Speed Research (HSR) Program, and summarizes the work conducted during the
HSR Phase Il program from 1993 to 1999 on Tasks 27 and 49. The report is intended to
be a reference for future researchers to the results of the interior noise and sonic fatigue
technology development activities conducted during this period.

The work of the Structural Acoustics ITD Team encompassed numerous modeling,
testing, and demonstration tasks. Although all the Team members were involved to some
extent on all of the tasks, the Team was structured such that specific groups had
responsibility for certain activities. On the industry side, the Boeing Commercial
Airplane group in Seattle was responsible for boundary layer modeling, passive noise
control techniques, structural-acoustic modeling with energy-based methods, jet noise
modeling, the Tu-144 cabin noise flight tests, and technology integration. Lockheed-
Martin in Atlanta provided support for the passive noise control work, particularly in the
area of finite-element modeling. The Boeing Phantom Works group in Long Beach was
responsible for structural-acoustic model development using the MDE code, the
supersonic wind tunnel test program, HSCT interior noise and weight penalty estimates,
and the early active noise control technology development activities. The Boeing
Phantom Works group in St. Louis was responsible for the sonic fatigue technology
activities. On the government side, NASA Langley was responsible for boundary layer-
structure interaction modeling, active noise control technology development, sonic
fatigue methods development, sonic fatigue component testing, noise control
optimization, Tu-144 flight test and data analysis support, and the overall Structural
Acoustics program leadership.
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HSR STRUCTURAL ACOUSTICS
MULTI-YEAR SUMMARY REPORT

1. Executive Summary

This report documents the major accomplishments and lessons learned of the Structural
Acoustics program during the course of the High Speed Research Program. The scope of
the Structural Acoustics work effort included two separate but related technology areas,
interior noise and sonic fatigue. The aeroacoustic loads on the HSCT vehicle are
common to both technologies. The interior noise technology activities were concerned
with the passenger cabin noise levels which result from these loads, while the sonic
fatigue technology activities were concerned with the response of the HSCT structure to
these loads.

An overall strategy for both technology areas was established early in the program.
During the PCD1 period, activities were to be oriented towards assessing the magnitude
of the structural acoustics issues (i.e. excessive passenger cabin noise levels and
excessive sonic fatigue loads), identifying technology requirements to resolve these
issues, and beginning the development of these technologies. During the PCD2 period,
technology development activities were to be completed, and the technologies were to be
validated and demonstrated. Technology integration activities were planned for PCD3
period. As a result of budget reductions at several times, some of the technology
development, validation, and demonstration activities were not fully completed during the
PCD2 period. With the termination of the HSR program early in the PCD3 period, the
remaining technology development activities and most of the technology integration
activities were not conducted.

An emphasis throughout the program was placed on tracking progress towards meeting
specified relevant program metrics. For the Structural Acoustics program, the metrics
selected were the weight penalties of additional treatments that would be needed to
achieve the desired interior noise and sonic fatigue goals. As described in Section 3, for
interior noise the target weight penalty is 0 Ib/ft?, and for sonic fatigue the target weight
penalty is 0.1 Ib/ft>. With the early termination of the HSR program, the current values of
these metrics are an interior noise penalty of 0.3 Ib/ft> (for a skin-stringer fuselage) and a
sonic fatigue weight penalty of 0.5 Ib/ft%.

Despite the premature conclusion of the Structural Acoustics program, an extensive
amount of valuable work has been completed to date, which is the subject in this report.
The next two sections of this document describe the Objectives and Goals of the
Structural Acoustics program. Section 4 provides an overview of the approach used to
achieve these objectives and goals, which set the direction of the technical activities that
were conducted throughout the program. Section 5 discusses the various technology
development activities, with emphasis on the major results achieved. Sections 6 and 7
summarize the results and list lessons learned, while Section 8 provides a bibliography



with references to the more detailed technical documents that have been generated during
this program.

A separate and comprehensive multi-year summary report [S-1]* on the sonic fatigue
portion of the HSR Structural Acoustics program was written following the termination
of the sonic fatigue effort in November 1998, but prior to the cancellation of the HSR
program. The report serves the same purpose as this multi-year summary report. This
current document therefore contains only the highest level information on the sonic
fatigue work. The reader should refer to [S-1] for more detailed information.

* References are listed in Section 8, separately for Interior Noise and Sonic Fatigue. The
reference numbers in the text are denoted as [I-x] and [S-x], respectively.



2. Objectives

Passenger comfort is critical to the acceptance and economic success of a High Speed
Civil Transport (HSCT) aircraft. To ensure an acceptable interior acoustic environment,
the effects of high exterior aeroacoustic loads resulting from the supersonic turbulent
boundary layer and the jet engines must be minimized. The exterior acoustic
environment is particularly severe in the vicinity of the engines, hence special care must
be taken to select airframe structural concepts which are tolerant of the high acoustic
loads.

As a result of these considerations, the overall objectives of the Structural Acoustics

technology area were to:

e Develop and experimentally validate computational models for predicting the
interaction of flexible structures with jet and boundary layer aeroacoustic loads,

e Develop and experimentally validate methods for noise transmission prediction and
noise control for HSCT fuselage structural concepts and loads, and

e Develop an experimental database of acoustic response and fatigue characteristics for
HSCT materials and structural concepts.



3. Goals
3.1. Performance Targets

The interior noise goal is to provide interior noise levels comparable to those of

current new subsonic transport aircraft. This translates into the following target

interior noise levels:

e An average A-weighted noise level of 78 dBA, arithmetically averaged over all
passenger seats, and

e A maximum A-weighted noise level 85 dBA, not to be exceeded at any seat.

The goal of the sonic fatigue effort is a sonic fatigue structural life that is also
comparable to that of current new subsonic transport aircraft. This translates into a
target life that meets a 60,000-hour requirement with a scatter factor of 2.

To achieve these interior noise and sonic fatigue goals will require the use of
treatments and/or techniques that may add weight to the vehicle. Any weight over the
weight normally required in conventional subsonic aircraft is termed a "weight
penalty,” expressed in pounds per square foot of effected fuselage surface area. For
interior noise, the target weight penalty is zero, while for sonic fatigue the target
weight penalty is 0.1 Ib/ft>.

3.2. Definition and Target of Technology Readiness Levels

NASA uses a Technology Readiness Level (TRL) scale to rate the maturity of a
technology under development. The scale is as follows:

9: Actual system "flight proven" on operational flight

8: Actual system completed and "flight qualified" through test and

demonstration

System prototype demonstrated in flight

6: System/subsystem model or prototype demonstrated in a relevant
environment

~

5: Component (or breadboard) validation in a relevant environment

4: Component and/or breadboard validation in a laboratory environment

3: Analytical & experimental critical function and/or characteristic proof-of-
concept

2: Technology concept and/or application formulated

1: Basic principles observed and reported

The target for the Structural Acoustics program is development of technology to a
TRL of 5. This requires a validation at the component level, in a relevant
environment (such as a wind tunnel or flight test vehicle).



4. Approach

The approach used to achieve the objectives and goals described above was to conduct
the following activities:

Develop aeroacoustic loads models based on fluctuating pressure data obtained from
flight tests, and near field acoustic jet loads data obtained from wind tunnel tests,
Develop interior noise prediction models and validate them through transmission loss
tests, supersonic wind tunnel tests, and flight tests,

Develop passive and active noise control technologies and validate them in
supersonic wind tunnel tests,

Conduct high cycle vibratory sonic fatigue coupon tests of various candidate HSCT
materials, and

Validate sonic fatigue analysis methods through acoustic response and fatigue tests in
a high intensity thermal acoustic progressive wave tube facility.

In addition to these activities, progress towards achieving the interior noise and sonic
fatigue performance targets was tracked periodically throughout the program (typically on
an annual basis). For interior noise, preliminary cabin noise prediction models were
developed and used to assess the status of estimated interior noise levels over time.

These various activities are described in greater detail in the following sections.

4.1. Sources of Excitation

There are two primary external sources of excitation of the fuselage structure that
impact interior noise levels, the turbulent boundary layer pressure fluctuations which
form as the HSCT moves through the atmosphere, and the jet noise produced by the
aircraft's engines which impacts the fuselage structure aft of the engines. The engines
also generate high noise levels at their inlets, but this is not a source of cabin noise.
(High inlet and jet exhaust noise are important sources of sonic fatigue on wing and
engine structure; this will be discussed separately in the sonic fatigue sections.)

4.1.1. Turbulent Boundary Layer Pressure Fluctuations

In all modern high-speed jet engine powered aircraft the turbulent boundary layer
(TBL) pressure fluctuations on the outside fuselage are the main source of the
cabin noise. Due to higher aircraft speeds TBL excitation is likely to become an
even more important source of HSCT cabin noise. TBL pressure fluctuations,
when combined with the near field engine noise on the fuselage aft section, also
become a significant source of sonic fatigue loads.

To successfully deal with cabin noise, advanced models to predict TBL excitation
spectra and cross-spectra for supersonic flow conditions were needed. Most of the
existing models were based on measurements in the subsonic flow regime.



Models for supersonic flow were generally based on measurements in wind
tunnels or on small supersonic aircraft. Thus, collecting data on large supersonic
aircraft and using it to develop models that can be applicable at large Reynolds
numbers was considered essential for developing experimentally verified, and
hence credible, supersonic TBL pressure fluctuation models.

Further, a fully coupled fluid-structural-acoustic model is desired to provide a full
understanding of the effects of high speed flow and boundary layer on panel
dynamics, damping and coupling to the interior cabin space. Areas of accelerating
and decelerating flow are shown to have a significant impact on interior noise and
unsteady shocks are a source of interior noise and fatigue failures in aerospace
structures. Present computer technology will provide only simplified models of
this phenomenon but the future growth of computer capacity will make possible
practical computational tools.

4.1.2. Near Field Jet Noise

Structures in the vicinity of the engine exhaust nozzles are exposed to intense
noise radiation from the exhaust flow. The strongest exposure occurs during
takeoff and subsonic climb out. Subsonic cruise segments may also be important.
During supersonic cruise the sound waves do not have a chance to reach aircraft
structures as they are swept downstream unless some portions of the tail are very
close to or in the exhaust flow.

Near field jet noise is an important load to be considered in sonic fatigue
resistance of rear fuselage and tail structures; exposure of wing surfaces near the
engines may also have to be predicted. The rear portion of the passenger cabin
experiences elevated interior noise levels due to near field jet noise which need to
be predicted and combined with other noise sources.

A community noise prediction model for a mixer/ejector nozzle had already been
developed which, fortunately, already incorporated near field features since the jet
noise sources are distributed over a length of many exhaust nozzle diameters. This
needs to be taken into account for small distance community noise test points such
as the FAR 36 approach point, and for the application of a model to predict
acoustic shielding of one jet by another, and by the fuselage and wing. The model
also already included the effect of a boundary layer over a cylindrical surface on
acoustic wave propagation. What was missing was such an effect over a flat
surface (i.e., wing). From the computer code of the community noise model, the
near field portions were culled, and this boundary layer effect over a flat surface
was incorporated.



4.1.3. Inlet Noise

Predicted overall sound pressure level noise contours and spectrum shapes on the
fuselage and wing surfaces due to engine inlet noise propagation were based on
measured data from supersonic tactical aircraft. These acoustic levels were used
for preliminary sonic fatigue calculations on the lower surface of the wing and
strake to determine required structural sizing. Flight test data from the Tu-144
flight program were analyzed and compared to these predictions.

4.2. Structural Acoustic Modeling

To estimate cabin noise levels in the HSCT, structural acoustic models were
developed. These models incorporate an explicit prediction of the excitation field on
the fuselage structure (from the turbulent boundary layer and the engines), the
vibration response of the structure to this excitation, and the resulting acoustic field
radiated into the cabin. Two primary approaches to modeling were studied, one based
on a finite element methods (FEM) and one based on statistical energy analysis (SEA)
methods. Typically finite element methods provide better predictions of structural
response in the low to mid frequency portion of the spectrum, while energy-based
methods provide better predictions in the mid to high frequency portion of the
spectrum. The prediction accuracy of finite element models is dependent on
structural and flow parameters, such as panel dimensions, mode order, wavelength,
Mach number, frequency, etc. To obtain good accuracy in predicting structural
response with finite element codes, the size of the smallest element must be a fraction
of the wavelengths of the acoustic excitation and vibration fields. From a practical
perspective, considering computer limitations and modeling effort, a typical sidewall
panel model can be reasonably divided into elements as small as one inch, and
therefore predictions are likely to be valid for acoustic wavelengths as short as four
inches and up to 2000 Hz for Mach 2.4 flow excitation [I-1].

4.2.1. The Matrix Difference Equation (MDE) Method

The MDE method is a finite element based approach to compute aircraft cabin
interior noise levels resulting from external sources [1-2], [I-3]. The MDE method
overcomes many of the disadvantages associated with conventional finite element
methods by using innovative modeling of both the fuselage and the acoustic
cavity. The MDE method uses a simplifying assumption that the structural
geometry is spatially periodic, composed of identical substructures arranged along
an axis. This assumption is certainly valid for an aircraft fuselage, which is
composed of many nearly-identical longitudinal subcomponents bounded by the
frames. The benefits of this periodic assumption are that: (1) the orders of the
assembled mass and stiffness matrices are equal to the number of degrees of
freedom on one boundary between substructures instead of being equal to the
number of degrees of freedom in the complete model, and (2) that the user models
only one substructure. As a result the computing cost associated with an MDE



model is substantially lower than for a conventional FEM model, and data
preparation time is also reduced. The non-periodic features in an otherwise
periodic model can be easily incorporated by using a modification program
available in the MDE code.

To apply the MDE method to the HSCT several modifications and improvements
to the MDE code were implemented, including development of various composite
elements into the MDE library and incorporation of a spectral analysis capability
to permit excitation of the structure by a turbulent boundary layer.

A major undertaking during the HSR Structural Acoustics program was a series of
supersonic wind tunnel tests. The purpose of these tests was to measure the
response of candidate fuselage sidewall panels to supersonic and high subsonic
boundary layer excitation, to obtain validation data in a relevant test environment.
The first phase of the wind tunnel tests was conducted to obtain data with which
the MDE prediction method could be validated. The second phase was conducted
to obtain data with which various passive and active noise control techniques
could be validated.

Additional validation of the MDE method was undertaken using fuselage
structural response data acquired on the Tu-144 aircraft during supersonic flight
tests.

4.2.2. COMET/Acoustic Modeling

COMET/Acoustics is a commercial Finite Element and Boundary Element
structural acoustic prediction code from Automated Analysis Corporation of Ann
Arbor, Michigan. Although it has an internal finite element structural capability,
it integrates well with MSC NASTRAN (as well as with other commercial codes)
to allow more complicated structural geometries to be modeled. This model may
then be fully coupled to either FEM or BEM models of the acoustic spaces. For
this effort, the noise transmission characteristics of a curved honeycomb
composite sidewall panel was examined analytically and validated by
experimental modal analysis and transmission loss testing [I-4]. The simulations
were run using random or reverberant excitation, the details of which are also
discussed.

4.2.3. AutoSEA

The AutoSEA (version 1.5) tool is an implementation of SEA (Statistical Energy
Analysis), a method for tracing energy flow through a network of connected
elements representing a physical system. AUutoSEA is a commercially available
code [I-5]. The key use of AutoSEA in the HSR Structural Acoustics activities
was to calculate the transmission loss of proposed fuselage sidewall designs. The
transmission loss was used as a ranking metric describing the acoustic



performance of sidewall designs. Transmission loss tests of several panels were
used to validate the AutoSEA results, examples of which are discussed in [I-6].
AUtoSEA is also the engine for a Matlab-based sidewall design optimization tool
[I-7]. Although it was developed late in the program and thus not available for
design decisions, it does illustrate a disciplined approach to optimizing acoustic
performance.

4.3. Passive Treatments

High Speed Civil Transport interior noise levels are expected to exceed current design
goals by as much as 10 dBA in some areas of the passenger cabin when typical
subsonic transport noise control methods are employed. Applying typical subsonic
noise control methods to reduce HSCT interior levels will result in an unacceptable
weight penalty. Therefore, noise control techniques for the HSCT must provide more
noise reduction per treatment weight than subsonic methods.

The effort to improve and develop innovative passive noise control methods has
followed a methodical plan to improve noise control treatments through testing and
analytical modeling. Generally, the plan has followed these steps:

1) Develop a list of possible HSCT noise control treatments: search literature,
brainstorm, etc.

2) Select most promising from step 1 and perform structural acoustic testing. Also
test the candidate composite fuselage structural designs (skin/stringer and
honeycomb).

3) Use the test database of step 2 to verify analytical models: finite element models
(MDE, NASTRAN), statistical energy models (AutoSEA), etc.

4) Use verified models of step 3 to develop better noise control treatments.

5) Perform structural acoustic testing of the best step 4 acoustic treatments.

6) Use the step 5 test data to re-verify analytical models and use models to
understand what happens when treatments are combined.

7) Select the best treatment combination for the HSCT.

At the beginning of PCD?2, it was thought that the above steps could be completed in
3 to 4 years. However, at this point in time most of the passive controls work has not
made it past step 3. The exception is some aspects of the primary structure passive
controls that have progressed into step 4.

4.4. Active Controls

Active noise control technology has been developed in recent years to the point where
it is installed in commercial aircraft to control harmonic noise sources. These include
engine shaft rotation tones in the rear cabin of commercial jets as well as propeller
tones in the interior of turboprop powered aircraft. Applications to broadband noise
sources are confined to a few niche markets such as noise in HVAC ducts and in
industrial compressor systems.



For HSR, the dominant interior noise sources are boundary layer and jet exhaust
excited fuselage wall vibrations which then radiate broadband noise to the interior
cabin space. For this application, where the vibration source is broadband and
ranging from somewhat to fully uncorrelated in time and space, a more distributed
control approach is required typically also requiring a feedback control topology. As
each aircraft panel vibrates independently of its neighbors, the control system must
respond individually to the response of the resonant structural modes of each panel,
themselves functions of temperature and pressurization. Thus the development effort,
while still dependent on the authority and bandwidth of actuators, focused on the
development of suitable control algorithms and novel control schemes that could
utilize simpler control methods. In addition, passive-active control approaches were
investigated that combined the fail-safe properties of passive damping with the
capability of active systems to reduce resonant responses.

45. HSCT Interior Noise Predictions

Given the interior noise goal and target levels discussed above, it was clear early in
the program that a methodology was needed to estimate HSCT interior noise levels.
This methodology would be critical in defining the amount of noise reduction needed
to meet the target interior noise levels, and to estimate the associated weight penalties
of the noise control treatments required to obtain the needed noise reductions. Since
the development and validation of the planned structural acoustic prediction codes
had not yet been completed, the approach taken for estimating HSCT interior noise
levels was to take advantage of available flight test data, and to extrapolate the
measured noise levels to the HSCT structural design and flight conditions.

Two independent methods were developed. The first is based on detailed
measurements taken on an MD-80. In this case, detailed information on the structure
was available to develop a good understanding of its noise reduction characteristics
and the implied external noise source, but the flight Mach number was limited to
subsonic. The second approach used a small set of measurements taken on the
Concorde with Mach number up to 2.0. These data are limited by lack of structural
information, which increases uncertainty on the noise reduction needed to derive the
external source.

45.1. MD-80-Based Predictions

Cabin noise levels were measured in prior flight tests on an MD-80 aircraft during
normal cruise operations. Simultaneous measurements of the turbulent boundary
layer pressure fluctuations on the fuselage surface had also been obtained. Using
the measured exterior and interior noise data, adjustments were made for changes
in the turbulent boundary layer loads (due to higher speeds and altitude) and for
changes in the sidewall transmission (due to the use of composite rather than
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aluminum construction). In the aft portion of the aircraft, acoustic loads from
engine sources were also included in the exterior excitation.

From the adjusted data the interior noise levels in the HSCT were estimated, as a
function of fuselage length. For those locations where estimated noise levels
exceeded target levels, conventional passive noise control treatments where added
such that the resulting noise reduction would bring the original estimated levels to
the target levels. Then the weight of the noise control treatments was estimated,
and a weight penalty was determined.

This approach was used throughout the program to assess the change in HSCT
interior noise levels and weight penalties as the transmission loss characteristics
of the various composite sidewall designs were determined.

45.2. Concorde-Based Predictions

Measurement of noise levels at window and aisle seats were available for the
Concorde during supersonic and subsonic flights. Assuming that boundary layer
noise is the dominant source, these measured levels were adjusted for changes in
source levels and noise reduction through the sidewall to arrive at an HSCT
prediction.

The source adjustment was based on the Efimstov Turbulent Boundary Layer
model [I-8]. Predicted 1/3-octave-band spectra for the Concorde flight condition
at each measurement location (distance from nose) were subtracted from predicted
spectra at the HSCT flight condition and seat location. This increment was added
to the Concorde measurement as an estimate of what would have been measured
if the Concorde were as large as the HSCT and flown at HSCT conditions.

Since the HSCT will be constructed differently than the Concorde, differences in
noise attenuation through the fuselage sidewall were included in the prediction
process. The difference in transmission loss between the Concorde and HSCT
sidewalls was added to the Concorde measurements to simulate the result of
building the Concorde fuselage like the proposed HSCT.

4.6. Sonic Fatigue Overview

In order to meet the sonic fatigue goal indicated in Section 3.1, a number of elements
were targeted for technology development. These included:

e Prediction of inlet, exhaust and boundary layer acoustic loads,

e Measurement of high cycle fatigue data for materials developed during the HSR
program,

e Development of advanced sonic fatigue calculation methods to reduce required
conservatism in airframe designs,
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e Development of damping techniques for sonic fatigue reduction where weight
effective, and
e Development of wing and fuselage sonic fatigue design requirements.

Each of these elements is discussed in further detail in Section 5.
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5. Technology Development
5.1. Sources of Excitation
5.1.1. Turbulent Boundary Layer Pressure Fluctuations

Pressure Fluctuation Modeling

Two studies on turbulent boundary layer (TBL) pressure fluctuations conducted
outside the HSR program provided a starting point for the Structural Acoustics
activities. In the first, TBL pressure fluctuations on the outside of windows and
passenger seat cabin noise were measured during flight tests on a Concorde
aircraft. Four window blanks were used; measurements were made covering the
Reynolds number range available on that airplane. Details of these tests in [I-9].
A TBL pressure fluctuation model was developed based on these data [I-10].

In the second, Prof. Boris Efimtsov, who is an expert in TBL pressure fluctuation
modeling at TSAGI, in Moscow, Russia, developed a model based on extensive
Russian wind tunnel and airplane flight test measurements. Efimtsov’s model is
presented in [I-8].

The Efimtsov and Concorde-based models predicted auto- and cross-spectra for
TBL pressure fluctuations. Overall the two models compared well. However,
since the Efimtsov model was based on a more extensive collection of data, it was
considered more generally applicable.

In 1994 it was recognized that it would be highly desirable to extend the TBL
pressure fluctuation database by making additional measurements on the Tu-144
airplane. A flight test program was proposed, which was not started until 1997.
In this program, flush pressure transducers were installed in seven window blanks
extending the full length of the aircraft. Measurements were made over the entire
Tu-144 operating flight regime covering a range of Mach numbers from 0.65 to
2.0, and altitudes from 5 to 18 km. A premier data acquisition system for
measuring TBL pressure fluctuations, structural vibrations and noise in the cabin
was built and installed. In these tests special care was taken to ensure the
flushness of the exterior pressure fluctuation transducers. These flight test data
were collected till early 1998 and the tests are documented in [I-11] and [I-12].
Figure 1 shows the Tu-144 flight envelope with test conditions for both the
Concorde and Tu-144 airplane tests.

The Tu-144 TBL pressure fluctuations data were used to verify and improve upon
Efimtsov’s model [I-13]. The Tu-144 and Concorde measurements both show a
hump in the spectra, particularly at the forward and mid-section fuselage
locations. Thus, the improved model of TBL auto-spectra incorporates a small 2
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Figure 1: The Concorde and Tu-144 Flight Test Conditions

exhibit this characteristic: Efimtsov’s model has a flat spectrum shape at low
frequencies. Figure 2 compares the results of the current predictions based on the
updated Efimtsov model with Concorde TBL pressure fluctuation measurements
(which clearly show a small hump in the spectrum at the forward and mid-
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fuselage locations), and are considered to support the modifications to Efimtsov’s
auto-spectrum shape. Analysis of the Tu-144 cross-spectrum data validated
Efimtsov’s cross-spectrum model, and thus no modifications to this portion of the
model were made.
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Figure 2: Comparison of Tu-144 Based Prediction of Auto-Spectra with the Concorde
Data
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A follow-on series of experiments on the Tu-144 was conducted during the period
from September 1998 to April 1999 [I-14]. The purpose of these experiments was
to collect local flow direction data, assess the effects of transducer flushness, and
study the effects of forward and aft facing steps on turbulent boundary layer
pressure fluctuations. Do to the early termination of the HSR program, the data
was reduced but not otherwise analyzed.

Fluid-Sructure Coupling Modeling

In order to provide an understanding of the physics of the coupled fluid-structural-
acoustic problem of high speed boundary layer excited fuselage panel vibration
and the resulting cabin acoustic levels, a mathematical model and computer code
were developed [I-15], [I-16]. The turbulent boundary layer model was derived
using a triple decomposition of the flow variables and applying conditional
averaging to the resulting equations. Linearized panel and acoustic radiation
equations were used. Results from this model were compared to experimental
panel displacement results with good comparisons obtained for the lowest order
panel modes which dominated the response. For the acoustic radiation, the
comparison between prediction and experiment was good up to approximately
5kHz, where the discretization of the numerical model begins to break down. It
should be noted that the frequencies that are critical for the structural response
extend up to about 2kHz for which there was good general agreement.

It is shown that in the supersonic regime, full coupling of the flexible panel leads
to lower response and radiation from the panel. This effect is evident across the
frequency range examined, up to 4kHz. This is believed to be due to an increase in
acoustic damping on the panel. Increasing the Mach number increases the
acoustic damping, which is in agreement with earlier work [I-17]. It has also been
shown that a flexible panel excited by a supersonic flow with an adverse pressure
gradient responses more than a panel in the same flow but with a favorable
pressure gradient. Increasing the Reynolds number was found to increase the
loading on the panel and therefore the panel response and radiation. An increase
in boundary layer thickness is found to decrease the level of the TBL pressure
fluctuations above approximately 5kHz and therefore the panel response and
radiation at these frequencies but at lower frequencies there is no discernable
effect. Unfortunately, comparisons were not made with the flight test and wind
tunnel test data collected later in the program.

5.1.2. Near Field Jet Noise
An existing community noise prediction model, called JN8, for a mixer/ejector
nozzle already had near field features: noise sources are broken down into those

inside and outside of the ejector. Those outside are distributed continuously along
the jet axis with each point on the axis associated with a particular frequency.
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While this is not a completely faithful model of the actual physical processes it
serves well enough in identifying principal locations of noise sources when
broken down into third-octave bands. When predicting the sound at a receiver
location, this line source is broken down into several portions. Sound is
propagated from each portion to the receiver separately and combined there.
During propagation, the sound encounters flow velocity gradients in boundary
layers over fuselage, wings, and empennage. The gradients bend the waves which
leads to constructive and destructive wave interference patterns on the structural
surfaces where the sound prediction is required.

All required features for a near field jet noise model were already present except

the effect of a boundary layer over a flat surface. While implementing this feature

into the computer code difficulties were encountered while numerically

integrating across a singularity in the mathematical equations. This was solved by

use of a Frobenius series representation. Flat surfaces are modeled as infinite flat

planes, and cylindrical surfaces are modeled as infinite cylinders. The final model

was dubbed ‘JN8NR’; it has the following capabilities:

e Predicts near field jet noise only for a mixer/ejector configuration, round or
rectangular; simple or co-annular configurations are not supported.

e Prediction of shock-associated noise based on an axisymmetric model which
is assumed to apply (without proof or verification) to the rectangular nozzle

e Effect of acoustic shielding of one jet exhaust flow by another

o Effect of refraction of sound waves in boundary layer flows over cylindrical
(fuselage, nacelles) and flat (wings, stabilizers) surfaces

5.1.3. Inlet Noise

Preliminary analysis of the Tu-144 flight data indicated that sonic loading higher
than that predicted, and utilized in HSCT fuselage and wing sonic fatigue
analyses, may be expected during actual flight. As shown in Figure 3, Tu-144
in-flight levels are slightly higher than the assumed design levels (2-4 dB) while
takeoff levels are

17



HSCT Design Spectra (Including 3.5 dB Factor of Safety)

o N
TU-144 Takeoff (174.5 dB)
170 —
// Exhaust

160 — TU-144 In-Flight (165 dB) Design
SPL L —T -~ [] = _|(1635dB)
(dB) 150 e P St [N

Iniet
140 - Design
(158.5 dB)
130
120 T
10 100 1000 10000

Octave Band Frequency (Hz)

Figure 3: Tu-144 Data vs. Preliminary HSCT Design Spectra

as much as 10 dB higher. However, despite Tu-144 results, preliminary sonic
fatigue design requirements were still based on the lower tactical aircraft
predictions because it is expected that an aircraft with the noise characteristics of
the Tu-144 would not be economically viable.

5.2. Structural Acoustic Modeling
5.2.1. The Matrix Difference Equation (MDE) Method

MDE Code Devel opment

Additions and refinements to the MDE code were implemented throughout the
program to tailor its usefulness to HSCT applicability. To enable modeling of
composite structure, a set of composite elements were developed and added to the
MDE library, including axially loaded bar, beam, cell, shell and honeycomb
sandwich elements [I-18]. To permit excitation of a structure by a turbulent
boundary layer (TBL), a cross-spectral density formulation was developed and
incorporated in the code [I-19]. Both the Corcos [I-20] and the Efimstov [I-8]
models for TBL prediction were added. Additional capabilities for curved panel
modeling, modal and average radiation efficiency calculations, acoustic absorptive
element modeling, and improved damping loss factor definition were
implemented as well [I-21].

MDE Modeling Results

An MDE model of a mid-cabin HSCT fuselage section of composite skin-stringer
construction is under development. When completed, the model will be used to
predict HSCT interior noise levels at supersonic cruise conditions. (Work in
progress [I-1].)
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5.2.2. MDE Validation Studies

As the MDE code was developed, predictions of vibration response and
transmission loss (TL) were made for several panels (aluminum and composite)
for which laboratory data were available. Agreement was generally good in most
cases, however it was understood early in the program that it would be critical to
conduct MDE validation studies for panels exposed to supersonic and high
subsonic flow excitation. Test data would therefore have to be acquired either in
a wind tunnel or in flight, or both.

Supersonic Wind Tunnel Tests

Supersonic wind tunnel tests were conducted at the von Karman Facility Tunnel A
at Arnold Engineering Development Center (AEDC) in June 1998, to obtain data
for validating MDE model predictions. Additional supersonic wind tunnel tests
were conducted at AEDC in a second entry in September 1998 to evaluate the
effectiveness of selected passive and active noise control techniques; see Sections
5.3 and 5.4 below.) It is note worthy that the AEDC tunnel was selected after an
extensive wind tunnel search, tunnel evaluation and test planning effort that
spanned almost four years, see [1-18], [I-21], [I-22] and [I-23].

Test panels were installed in the tunnel floor. Panel vibration response to tunnel
flow was measured with an accelerometer array mounted on the panel’s lower
surface. The acoustic response of the panel was measured with a sound intensity
probe below the panel, in a room underneath the tunnel known as the injection
tank. Boundary layer and tunnel operations data were also collected. The details
of the tests are described in [I-24], and a database from the tests is documented in
[1-25].

Three fuselage sidewall panels were used for model validation. These included
two composite panel configurations representative of the primary candidate
configurations under consideration for the HSCT (a skin-stringer design and a
honeycomb sandwich design), plus a skin-stringer aluminum configuration
representative of a conventional subsonic aircraft fuselage as a baseline. For
selected tests, a combination of fiberglass insulation blankets and trim panel were
added to these sidewall panels. The primary flow conditions were Mach 2.5 and
Mach 0.8.

The sound power radiated from each panel at each flow condition was estimated
from the measured vibration response, and the sound power reduction (SPR) was
determined from the radiated sound power and the measured incident sound
power on the panel. The SPR is analogous to the transmission loss (TL) through
the panel except that flow excitation rather than acoustic excitation was applied to
the panels. The measured SPR spectra were compared to SPR spectra predicted
using MDE models of the individual panels.
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Agreement between measurements and predictions for the two composite panels
at the two flow conditions was found initially to be within about 6 dB over most
of the frequency range from 300 Hz to 2 kHz. This agreement is good, but not
good enough to consider the modeling approach to be validated. However recent
modifications to the panel MDE models have substantially improved this
agreement, providing better validation of the MDE method. See Figure 4, for
example, which shows very good agreement for the composite skin-stringer panel
at Mach 2.5 flow excitation [I-1].

From the boundary layer and tunnel flow data collected during the wind tunnel
tests, estimates of the magnitude and cross-spectral densities of the pressure
fluctuations on the surface of the panels were made using the Corcos and the
Efimstov models of TBL excitation contained in the MDE method. The two
models use the same algorithms to estimate the magnitude of the TBL pressure
fluctuations, and these estimates agreed very well for the supersonic (Mach 2.5)
flow case. For Mach 0.8, the models underestimated the magnitude by about 5
dB. The Corcos formulation of the cross-spectral density agreed well with the
measured data for both Mach numbers, while the Efimstov formulation did not.
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Figure 4: Comparison of Measured and Predicted Sound Power Reduction,
Composite Skin-Stringer Panel, Mach 2.5

The supersonic wind tunnel test program was a critical component of the
Structural Acoustics Team's activities, because it provided an opportunity for
validation of structural acoustic models as well as passive and active control
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techniques in an environment that was relevant to the HSCT. All of the original
goals of these tests were not met, however, due to testing limitations. In
particular, high background noise levels in the injection tank made the sound
intensity and microphone data taken during the trim and insulation configurations
unusable. This prevented the validation of the MDE code's capability to predict
transmission through insulation and trim. Prior to the tests a major effort was
undertaken to design and install acoustic treatment in the injection tank to reduce
the background noise levels, but during the tests it became clear that this approach
was not completely effective. In retrospect, the use of a specially designed
acoustic enclosure around the measurement area would have been a better
approach to reduce the background levels sufficiently to obtain accurate acoustic
measurements on high transmission loss configurations, such as with insulation
and trim.

A second shortcoming in the test program occurred with the failure of the sound
intensity probe to function properly for the supersonic flow conditions. At Mach
2.5, the ambient pressure in the injection tank was about 1 psi, which apparently
adversely affected the particle velocity sensor on the intensity probe. The sound
intensity data was needed to estimate the radiated sound power from the test
panels. Without these data, the vibration measurements on the panel were used
for the same purpose. For the subsonic test conditions, the radiated sound power
estimates from the sound intensity data and from the vibration data were found to
be very similar; hence the use of the vibration data only to estimate sound power
radiation for supersonic test conditions was considered to be an acceptable
alternate approach.

Tu-144 Flight Tests

The data collected during Tu-144 flight tests provided an additional opportunity
for validation of the MDE code. A simplified MDE model of the Tu-144 fuselage
sidewall was developed, and vibration response levels predicted for cruise
operations (at Mach 0.8 and 2.0) were found to agree reasonably well with
vibration levels measured on the aircraft structure. See [I-24] for details.

5.2.3. COMET/Acoustics Modeling

A composite honeycomb panel 2.49 m long by 1.77 m over the inside curved
surface was modeled and tested for this study [I-4]. As the original intent for the
COMET/Acoustics prediction was to be validated against standard transmission
loss room tests using a reverberant source room, some effort was invested in
verifying this source model. The panel was divided into finite sized patches over
which a uniform random pressure is applied, and each “patch” may contain one or
more finite element nodes. Each force is uncorrelated with its neighbors to
represent the reverberant field in the source room. As the patch size was reduced
from containing 16 nodes down to a single node, the TL solution was found to
converge. It was concluded that the length scale of adjacent patches necessary to
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simulate reverberant excitation is on the order of the width of one element in a
finite element model with a medium mesh density.  Modal frequencies of the
bare panel were compared to measurements up to 145 Hz and found to agree
within 8% overall and an average of 4.1%. TL data was available only using
oblique plane wave excitation but reasonable correlation of TL results from 150
Hz to 500 Hz was obtained. Uncertainties with boundary conditions and source
structure are the expected cause of the variations.

5.2.4. AutoSEA

AutoSEA was found to be a useful tool for conducting trade studies and
comparing the transmission loss for a variety of sidewall designs. For example, in
support of downselect activities the TL of four candidate fuselage construction
designs considered for the 1997 Technology Concept Airplane (TCA) were
predicted using the AutoSEA program. The highest density designs tended to
have the highest transmission losses.

The Pathfinder design is an update from the TCA Downselect, incorporating the
results of TL tests conducted in 1997 [I-26]. Modeled sidewall transmission loss
for this design forms the basis for the interior level estimates in Section 5.5.2
using the method described in Section 4.5.2. A separate study of the impact of
circumferential variation in the Pathfinder fuselage, Appendix C of [I-27],
suggests that more accurate accounting of the thicker crown and keel areas results
in lower dBA levels than a fuselage without variation. However, the levels for the
fuselage with variation are less than 1.0 dBA lower. A less than 1.0 dBA
reduction is probably not worth the effort it takes to increase the complexity of the
model to account for fuselage circumferential variation.

5.3. Passive Treatments

Passive noise control is intended to reduce noise transmission through the airplane
sidewall. The sidewall consists of the primary structure, insulation and trim.

Before the start of PCD2 in mid-1995, a multi-year plan was created to establish a
methodical path to follow for the development of HSCT passive noise control
treatments [I-28] over the next three years. The objectives of this plan were to
understand the modal response and sound radiation characteristics of the various
composite panel designs, and to develop and validate passive treatments that could be
applied to the primary structure or could be incorporated on or within the
trim/insulation.  The planned activities included transmission loss (TL) tests of
several sidewall configurations, finite element modeling of selected panel designs,
and the wind tunnel tests at AEDC. Unfortunately, the plan schedule did not take into
account delays for finding test facilities, the difficulty of the technical challenges and
other factors that caused the schedule to slide. In short, the schedule turned out to be
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too aggressive. Also, funding cuts caused items to be deleted or delayed. At the end
of the three years, only about half of the planned activities were completed.

In May 1996 the Structural Acoustics Team created a broad reaching list of noise
control treatments and concepts [1-29] that covered the range from low to high risk.
Many of these concepts were not pursued because of the high risk and/or they did not
fit within the scope of the HSR contract. Passive control treatments and concepts
contained in the list, which also included active control, may provide a future
researcher with the starting point for new technology.

5.3.1. Trim and Insulation

Reported in [1-28] are eleven trim and insulation passive noise control methods
that were reviewed and assessed for their noise control potential as part of the
1995 planning effort. The weight impact of each noise control method is included
in addition to the estimated noise reduction potential. Scanning the results it is
clear that the noise control potential of individual treatments is insufficient to
achieve noise goals. A combination of individual treatments will be necessary to
reach the goal.

1995 TL Tests

The first TL test data taken on composite skin-string and honeycomb panels were
acquired in 1995 [I-28]. Both panels were flat and 21 by 60 inches. The test data
showed that the honeycomb panel provided more transmission loss than the skin-
stringer panel. These results were used to make the first predictions of HSCT
interior levels, which showed the need for a higher weight penalty for the skin-
stringer fuselage than honeycomb fuselage.

1997-1998 TL Tests
Three separate but interrelated transmission loss tests were conducted from
October 1997 to March 1998 [I-26], [I-27]. These tests greatly expanded the
structural panel test database, which was used extensively for analytical model
verification. This database did not exist anywhere else. Transmission loss and
modal tests of composite panels were carried out on four curved and one flat
panel. The four curved panels consisted of one large composite honeycomb panel,
two composite skin-stringer panels and one unstiffened aluminum panel. The one
flat panel was a composite skin/stringer. The measurements showed that:

e the structural panel damping changes when fiberglass insulation is added,

e the structural panel damping does not change when the trim panel is added,

e structural panel damping changes when fiberglass insulation is moved around
in the space between the trim and structural panel but the transmission loss
does not change,

e the skin-stringer panels had higher TL than the honeycomb panels, in contrast
to the results of the 1995 TL tests.
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The transmission loss behavior of honeycomb panels is more sensitive to size and
shape (flat vs curved) than skin-stringer panels. Honeycomb panels have a 40-
inch frame spacing and no stringers. The coincidence and ring frequencies of a
honeycomb panel are both below 1000 Hz. Therefore, to capture the honeycomb
acoustic behavior the test panel must be large and curved. The skin-stringer panel
stiffeners break the structure into smaller elements. These smaller elements
determine much of the skin-stringer panel acoustic behavior. The coincidence
frequency of skin-stringer panels is high, 5 kHz or higher. Because of this, the size
and shape of a skin-stringer panel is less important when acoustic performance is
tested.

TL Testing to Support Fuselage Downselect

Transmission loss testing was conducted to support the January 1999 Fuselage
Downselect between skin/stringer and honeycomb fuselage designs [I-27]. One of
the primary discriminators between fuselage designs was the acoustic treatment
weight penalty. TL testing was considered the only way to get a clear answer
since confidence in analytical model predictions was low. Further, a hypothesis
that skin/stringer and honeycomb panels would have nearly the same acoustic
performance if designed to the same loads and built with the correct materials
could only by assessed through such tests.

All previous acoustic testing was done with incompatible skin/stringer and
honeycomb panels; i.e. not designed for the same loads and/or not constructed
with the correct materials and/or the same dimensions. For these tests new panels
were constructed which did not suffer from these differences. The test results
showed that the skin/stringer panel with trim and insulation provided more
transmission loss than the honeycomb panel with trim and insulation. This trend
confirmed the results of prior 1997-98 TL tests, but the difference between the
two designs was less than in the prior results.

Structural Panel Parametric TL Tests

Three panels were fabricated by Fuselage Structures in 1999 so that Structural-
Acoustics could obtain transmission loss test data for a single design feature
change. With the exception of one design feature, the three new panels are
identical to the skin/stringer and honeycomb panels TL tested in 1999 for the
Fuselage Downselect. The one new skin/stringer panel has double the skin
thickness relative to the skin/stringer Fuselage Downselect panel. Relative to the
Fuselage Downselect honeycomb test panel, the two new honeycomb panels have
a double core thickness for one and a double face sheet thickness for the other.
This new test data will be used to verify analytical model predictions. The results
of the TL tests are part of [I-27].

Testing of Noise Barrier Material and Aerogel

Noise Barrier Material and Aerogel were evaluated in 1995 [I-28]. Both Noise
Barrier Material (a limp, rubberized vinyl sheet) and Aerogel were touted as

24



possessing exceptional noise control characteristics. This testing was to evaluate
these claims as part of the HSR effort to develop or find better noise control
materials and methods. Transmission loss and impedance tube tests (for
measuring sound absorption) were performed. Test results suggest that Noise
Barrier Material may provide slightly better than mass law performance. Aerogel
was found to be inferior to fiberglass insulation. Aerogel was extremely brittle
and would easily fracture when handled. No follow-up testing was performed on
either material.

Sdewall Path Sudy

During 1996 an in-house finite element code was used to build an analytical
model of a composite skin/stringer panel with trim [I-31]. The model was run
both complete and in parts to determine the importance of trim mechanical
attachments and the air gap transmission paths. The 1996 model did not have
insulation in the gap between the structure and trim. In 1998 a structural-acoustic
analysis program called SYSNOISE was used to evaluate the 1996 model with
insulation in the gap [1-32].

The 1996 model results were that the acoustic path (i.e., the path through the air
gap) was more important than the trim mechanical path in the model frequency
range up to 1400 Hz. Structural panel and trim configurations included in the
1997-1998 TL Test substantiated the 1996 FE model result. The FE model also
suggested that the trim mechanical attachments tend to act as a boundary
condition which modifies the trim panel modal response depending on the
attachment locations. The 1998 SYSNOISE model turned out to be beyond the
computational capability of the PC platform on which it was installed, and as a
result no SYSNOISE model runs were completed.

Purdue University Sudies of Improved Fiberglass

A study to determine if current fiberglass sidewall insulation could be modified to
improve its acoustic performance was undertaken in 1997 by Professor Stuart
Bolton at Purdue University. Prof. Bolton tested currently used subsonic
fiberglass insulation and then predicted the fiberglass performance with an
appropriate theoretical model. Model predictions using the measured data showed
that the fiberglass could be modified to provide more acoustic control. The
possibility exists that one could get more noise control without material weight
increase or one could retain the same noise control but with a weight reduction.
The possible improvement for 3 inches of lightweight fiberglass insulation is 3.5
to 5 dB TSIL (TSIL is arithmetic average of levels in the 500, 1000, 2000 and
4000 Hz octave bands) and is reported in [I-29] and [1-30].

AEDC Wind Tunnel Tests

Wind tunnel testing was conducted at AEDC in 1998 to:

e measure the interaction between the turbulent boundary layer (both supersonic
and subsonic) and HSCT composite structural panels,
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e evaluate the noise reduction of trim, insulation and add-on damping when the
excitation field is turbulent boundary layer,

e Measure the radiation efficiency during supersonic and subsonic turbulent
boundary layer excitation.

As discussed in Section 5.2.2, the trim and insulation tests were unsuccessful.

The effectiveness of the add-on damping will be discussed in the next section.

5.3.2. Primary Structure

Effects of Fabrication Stress

Composite panels are fabricated at temperatures close to 700° F. As the panel
cools down to room temperature, the differences in the lay-up of the skin, integral
stringers and integral shear ties can produce panel biaxial loads that can effect
resonant frequencies and mode shapes. Panel stresses can also come from the
addition of frames at room temperature. As the panel warms from room
temperature to supersonic cruise, 300°F skin temperature, the differences between
frame and panel lay-up can cause stresses. In 1997 a thermal and modal finite
element analysis was performed on a multi-bay IM7/PETI-5 skin/stringer panel [I-
33]. The thermal fabrication stresses in the multi-bay IM7/PETI-5 skin/stringer
panel caused modal frequencies below 1000 Hz to shift approximately 2 percent
and 4 percent above 1000 Hz. These modal frequencies shifts are fairly small
because the panel skin, stringer and shear tie lay-ups are very similar. Dissimilar
lay-ups can produce stresses that cause modal shifts much greater than 4 percent.

Flight and Pressurization Load Effects on Fuselage Structural Modes

An analysis was performed to determine what happens to fuselage structural
modes when airplane flight and pressurization loads are introduced. A multi-bay
skin/stringer finite element model of the HSCT fuselage was built and one-G
symmetrical flight (tension/compression, inplane shear) and pressurization loads
were applied. The analysis showed [I-33] that the effect of the loading is to almost
double the lower panel modal frequencies relative to the no load case. There will
be very few panel bending modes below 1000 Hz in the aircraft fuselage at this
load condition. Some mode shapes are distorted severely when the loading is
applied. This modal distortion may effect the design of add-on damping.

To account for these effects, a technique was developed for introducing flight and
pressurization loads into panel finite element models. This involved sliding
edges, with static moments applied to the rotationally free stringers and frames at
the panel edges to reproduce the static edge conditions of the fuselage and yet be
free to rotate under dynamic loads.

Effect of Flight Loads on Coincidence Frequency

Since the fuselage structure will radiate acoustic energy more efficiently at and
above coincidence, flight and pressurization loads were included in the calculation
of coincidence frequency [I-33]. The supersonic cruise coincidence frequency for
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the stiffened fuselage structure can be as low as 263 Hz when the stiffening
effects of bi-axial membrane stresses of pressurization and flight loads are taken
into account. The same stiffening effects cause the structural skin panel modes to
be above their corresponding flight and pressurization load coincidence
frequencies. This implies that all of the panel bending modes will be efficient
radiators of sound.

Test-to-Model Verification of HSCT Sructural Panels

Finite element model verification with test data occurred during 1998 and is
reported in [I-34], [I-35]. This verification is necessary before the models can be
used to develop noise control treatments. A model is verified when good “test-to-
model correlation” is established. = Modal testing of HSCT structural panels
installed in the AEDC wind tunnel floor and in selected transmission loss test
windows created part of the test-to-model correlation database. A good modal
test-to-model correlation is achieved when the vibration mode shapes match and
the mode frequencies are within 5%.

FE models of the HSCT test panels did not achieve good modal correlation until
two issues were addressed. These issues were 1) test panel attachment structure
and 2) test panel material properties. Good test-to-model correlation was not
achieved until the attachment structure was included in the FE model. The
attachment structure is the filler wall of the transmission loss test and the support
structure of the AEDC wind tunnel floor. This result has implications for both
testing and modeling. Testing needs to be expanded to include attachment
structure data gathering and analysis. Modeling must be expanded to include the
attachment structure, which in some cases will greatly increase the model size and
run time.

The issues related to test panel material properties are not as straight forward as
the support structure issues. The panel material properties are a function of the
raw materials and the assembly process. As this is a development program, test
panels are made with materials and processes that are not perfectly stable. This
lack of stability can cause significant variations in panel properties, properties that
directly effect test-to-model correlation. Unless panels are cut up and tested the
actual test panel properties are not known precisely. To achieve good correlation,
properties such as E11 and E22 Young’s moduli for IM7/PETI-5 were reduced.
Some changes in material properties can be justified but large changes to achieve
good correlation may point to other problems in a FE model.

HSCT Structural Damping Design

Fuselage structural add-on damping was examined as part of the HSCT passive
noise control design work in 1998. Add-on structural damping has to function
during both the subsonic (-10° F) and supersonic (300° F) cruise segments. This
two temperature add-on damper consists of a -10° F layer and a 300° F layer
stacked on each other, with the 300° F layer nearest the skin. The finite element
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analysis of [I-34] indicated that to achieve the desired structural damping (the
highest modal strain energy levels), the 300° F damping adhesive should have a
shear modulus from 200 to 700 psi over the frequency range of 350 to 2000 Hz.
Finite element model runs to determine the -10° F damping adhesive properties
did not occur because of budget issues. A related damping design issue is that
structural panel in-plane loads increase the panel bending mode frequencies while
lowering the level of modal damping. Again, this issue was not fully explored
due to insufficient funds.

AEDC Wind Tunnel Testing of Sructural Damping

Increasing structural damping was examined in the AEDC wind tunnel tests.
Add-on damping was applied to two structural panels: honeycomb and
skin/stringer. [1-29, 1-34] report on results of the AEDC add-on damping tests.
The measured intensity and acceleration data show reductions close to 10 dB for
the skin/stringer panel and around 4 dB for the honeycomb panel at frequencies of
500 Hz and higher.

5.3.3. Status

Trimand Insulation

e Fiberglass insulation appears to have the potential for some performance
improvement with no weight increase — modeling has indicated a 4 to 5 dB
average transmission reduction in the 500, 1000, 2000 and 4000 Hz octave
bands. Fiberglass needs to be re-engineered and performance verified
experimentally.

e Trim panel — no significant improvements in trim panel acoustic performance
appear feasible, without simply adding weight. Within the sidewall it appears
that the most effective place for weight is in the trim to improve the double
wall performance. It is possible to get a 2 to 4 dB average transmission
reduction in the 200 to 2500 Hz frequency range for a .40 to .45 pound per
square foot weight addition. This acoustic performance change is for a
sidewall with trim, insulation and a 1.84 Ib/ft2 skin/stringer panel.

e Fewer trim mechanical attachments will improve the transmission loss above
1500 Hz. This provides a small transmission loss reduction with no weight
increase. A 1 to 2 dB reduction in transmission in the 1500 to 5000 Hz
frequency range with no weight increase seems possible. This acoustic
performance change is for a sidewall with trim, insulation and a 1.84 Ib/ft2
skin/stringer panel.

Primary Structure

e Add-on damping is more effective on skin/stringer than honeycomb
configurations. Skin/stringer damping provides 9 to 10 dB average reduction
in transmission in the 500 to 5000 Hz frequency range for a 0.44 pound per
square foot weight increase (2 dB of this reduction is attributed to the damper
mass alone added to the 1.84 Ib/ft2 skin/stringer panel). Honeycomb damping
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provides 4 to 5 dB average reduction in the 500 to 5000 Hz frequency range
for a .57 pound per square foot weight increase (3 dB of this reduction is
attributed to the damper mass alone added to the 1.4 Ib/ft2 honeycomb panel).
Note that these reductions are for the bare structural panels; a complete
sidewall with trim and insulation will have less reduction when the damping is
added.
e Work required:
1) design a two temperature add-on damper that is not just the
combination of two single temperature designs,
2) create a more effective honeycomb panel damper,
3) develop methods/techniques to integrate damping into the composite
structure construction

5.4. Active Controls

The High Speed Research program supported an ongoing effort to develop broadband
active control technology for boundary layer and jet excited interior noise.
Transmission loss panel studies and low speed wind tunnel studies were used to down
select between a range of feedforward and feedback control approaches. Early studies
utilized a feedforward LMS active structural acoustic control (ASAC) approach to
control broadband noise transmission [I-18] and [I-36], but this approach was
abandoned due to the difficulty in obtaining the necessary coherent reference from the
boundary layer pressure loading. All later ASAC approaches utilized a feedback
control topology for broadband control.

A u-synthesis/H-infinity control approach [I-37], a point impedance feedback control,
[1-38] and an active structural acoustic control using generalized predictive control [I-
39] and radiation filters [1-40] all utilized force actuators applied to the primary
structure. In addition a feedforward control approach utilizing a piezoelectric
polymer layer embedded in a passive foam layer was developed and implemented [I-
41], [1-42]. The p-synthesis/H-infinity control approach trades off too much
performance for robustness of the controller. For the point impedance concept,
although independence of the control forces (each controller a single degree of
freedom entity) was the goal, it was found that performance suffered until multiple
degrees of freedom (and multiple sensor and actuators) were ganged together.
However, with the determination of the predominance of the fundamental panel mode
as the source, this approach will be investigated further under other programs. The
latter two concepts were evaluated in the high-speed wind tunnel tests AEDC.

Finally, a novel fluidics approach to active control is currently under investigation.
Details about the fluidics concept can be obtained from [I-43] and a status of the
fluidic trim development is presented in [I-27]. In this approach, incident acoustic
energy impinging on a surface is amplified via a multi-stage fluidic amplifier,
inverted in phase and output as an acoustic wave that destructively interferes with the
impinging wave. This is accomplished through fluidic components, integral to the
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trim material, that are used as sensors, actuators, and control elements, eliminating the
need for transduction to and from electrical signals. Preliminary analysis for the
HSCT suggests that a reduction of about 10 dB in the 125 to 2,000 Hz frequency
range may be possible. To date, analysis and experiments have been carried out which
define the requirements on number of fluidic-amplifier stages, supply pressure and
volume, methods of fluidic-circuit analysis, and method and hardware for
demonstration of noise-reduction capability. The fluidic-circuit gain required for a 10-
dB noise-reduction capability has been experimentally demonstrated but the phase
response needed for stable operation up to 2KHz remains to be verified.

5.4.1. Active Structural Acoustic Control Tests and Results

Experiments were conducted at AEDC at Mach 0.8 and Mach 2.5 flow conditions,
and active control was performed on both a single bay and two bays of a six bay,
stiffened titanium panel with aluminum stiffeners. The static in plane stress
normally associated with aircraft cabin pressurization was provided via a
tensioning fixture, to simulate the aircraft in flight at 40,000 feet. The system
utilized structurally mounted piezoceramic (PZT-5A) control actuators,
accelerometers with sound radiation filters, and a Generalized Predictive Control
(GPC) technique to minimize the total sound power radiating from the structure.
In this method sound radiation is estimated using surface mounted accelerometers
and a sound radiation estimation technique termed "radiation modal expansion™ to
estimate the orthogonal sound radiation components in real time. These radiation
components are fed through GPC derived compensators to drive the PZT control
actuators (feedback topology).

The results demonstrated reductions in total radiated sound power on the order of
10 - 20 dB at resonances, and 5 - 10 dB integrated over the band width of 150 -
800 Hz. A representative control result is shown in Figure 5 for two bay control
at Mach 2.5. The total radiated sound power from bay 1 estimated using radiation
filters is presented in the figure. For this condition, the controller reduced the
radiated power by 15 — 20 dB at resonances and over 9 dB integrated over the
bandwidth from 150 Hz — 800 Hz. This result is typical for the conditions
studied. An extensive analysis of the results can be found in reference [I-44].
Although the
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Figure 5: Radiated Sound Power Autospectrum of Bay 1 Estimate Using
Radiation Filters, Two Bay Control, 2.5M

goal was to reduce sound radiation, the vibration levels were also reduced. In
conclusion, this project was the first known demonstration of active structural
acoustic control of aircraft style panels subjected to both subsonic and supersonic
flows.

5.4.2. Smart Foam Tests and Results

In the second set of tests, a “smart” foam system consisting of standard acoustic
foam with embedded, curved layers of polymer piezoelectric material were used
in conjunction with a multi-channel feedforward control paradigm for sound
radiation reduction. This approach is an active/passive hybrid approach that
combines the benefits of both methods. In addition, the smart foam approach is a
lightweight compact approach that can potentially utilize and enhance the
conventional aircraft noise treatment that is presently used. A typical smart foam
element is shown in Figure 6. The passive absorption of the foam works well
above about 1000Hz but below this frequency is inadequate. The active input of
the piezoelectric polymer is designed to control the radiated sound in the lower
frequencies.

For the tests six elements were embedded in a foam matrix to cover the same
panel used in the previous AEDC tests. The performance of the smart foam
elements were optimized and validated in a prior low speed wind tunnel. The
digital controller consisted of a 6 by 6 filtered X LMS algorithm implemented on
a TMSC40 DSP system. The reference signals for the feedforward approach were
taken from accelerometers mounted on the plate structure while the error sensors
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were microphones located in the acoustic far-field. Tests were carried out at the
same two flow speeds of Mach 0.8 and 2.5.

Partially-reticulated, open cell,
acoustic grade foam

28 mm thick, Ag metallized
PVDF film

Balsa frame used to_/
improve radiation.
efficiency

Figure 6: Photograph of Smart Foam Actuator Element

Figure 7 presents a typical result for the flow speed of Mach 0.8. The vertical axis
is the measured mean squared pressure, which is related to the sound power
radiated by the panel. The sound power from the uncontrolled panel can be seen
to be dominated by sharp peaks associated with panel resonant modes. The
results show very strong attenuation of sound power at high frequencies as
expected from the passive portion of the elements, with overall sound power
reductions of 9 dB recorded. At lower frequencies the passive action does little to
control the sound radiation. Further attenuations of the order of 4 dB from the
active portion of the elements are evident in the design control bandwidth. The
smart foam was thus demonstrated to be effective for controlling boundary layer
induced sound radiated from realistic aircraft panels under real flow conditions.
Recent work has successfully demonstrated the use of microphones close to the
foam surface and a composite foam structure that has high active output down to
50Hz, thus further increasing its effectiveness at very low frequencies.
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Figure 7: Smart Foam Control Results for Mach 0.8, Active Control Bandwidth
is 400 — 800 Hz

5.4.3. Status

e The use of active structural acoustic control for broadband noise in high speed
aircraft has been shown feasible and quite effective.

e Its application will require a focused effort to miniaturize and integrate
actuator, sensor and control systems with a goal of low cost and weight. A
weight < 0.5 Ib/panel is not unreasonable.

e A combined passive-active scheme has demonstrated expected passive
properties while providing a significant although limited additional reduction
due to an active component. Enhanced actuator bandwidth and authority are
required.

e An “acoustic wallpaper” methodology based on fluidic based, analog feedback
control is under study.

o All of these control technologies are 7-10 years from commercialization
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5.5. HSCT Interior Noise Predictions
5.5.1. MD-80-Based Predictions

As described in Section 4.5.1, estimates of HSCT interior noise levels were made
several times throughout the program using MD-80 cabin noise levels measured
in flight, with adjustments for the correct exterior excitation (supersonic turbulent
boundary layer plus engine noise instead of subsonic boundary layer), and the
correct fuselage sidewall transmission loss characteristics (composite structure
instead of aluminum structure). These estimates changed periodically, as new
data became available on the transmission loss of the composite skin-stringer and
composite honeycomb sandwich fuselage sidewall constructions.

The estimated HSCT interior noise levels were consistently higher than the
interior noise level targets described in Section 3.1, especially in the aft portion of
the aircraft where the contribution of the engine noise substantially increases the
interior noise levels. To reduce these levels to the target levels, the noise
reductions due to selected conventional, passive treatments (primarily the use of
damping on the skin and trim panels and additional fiberglass insulation) were
applied analytically, and the resulting weight penalties for these treatments were
determined.

The upper portion of Figure 8 shows the latest estimates of HSCT interior noise
levels for Mach 2.4, 60,000 ft cruise conditions, for fuselage configurations where
the entire structure is either all composite skin-stringer or all composite
honeycomb sandwich construction. These estimates used the most recent TL data
for the respective composite sidewall designs. The lower portion of the figure
shows the distribution of treatment weight that would be required to reduce cabin
levels to meet the target noise levels. The treatment weights of 8085 Ib. for the
honeycomb sandwich fuselage and 3570 Ib. for the skin-stringer fuselage
correspond to maximum takeoff weights of approximately 32,000 Ib and 14,000
Ibs, respectively; expressed as weight penalties these are 0.65 and 0.30 Ib/ft?,
respectively. It should be noted that noise reduction which may be realized
through the use of the advanced passive and active noise control techniques
discussed in the previous sections are not taken into account in these estimates.
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Figure 8: Estimated Interior Noise Levelsand Weight Penalties

5.5.2. Concorde-Based Predictions

The Concorde-based noise predictions used the procedure described in Section
4.5.2 based on the Pathfinder sidewall transmission loss estimates from Section
5.2.2. Pressurization effects, not measured in transmission loss testing, were
incorporated according to [I-45]. Although pressurization significantly reduces the
noise level prediction, its effects are not completely validated. The resulting
predicted interior noise levels along the length of the fuselage are generally
somewhat higher than the MD-80-based predictions.

Figure 9 illustrates the predicted variation in aft cabin noise levels with flight
condition for the skin-stringer design, using the Concorde-based method and the
Pathfinder TL data. The levels shown are plotted relative to the level during high
supersonic cruise conditions (2.4M, 60 kft), and reflect the differences in external
loading on the fuselage at the various flight conditions. It is interesting to note the
12 dB spread in levels, from high subsonic cruise to high supersonic climb.
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Figure 9: Predicted Interior Noise Levels for Pathfinder Design at Key Flight
Conditions

5.6. Sonic Fatigue

All technology elements were advanced through the course of the HSR program, but
none were completed due to its premature conclusion. The main elements are
summarized here.

5.6.1. Loads Prediction

The primary sources of sonic loading applicable to side fuselage and wing panels
are inlet duct propagated noise, propulsion exhaust noise and turbulent wakes
from body protuberances. The objective of this task was to predict appropriate
sonic loading based on available data and to validate that loading with Tu-144
flight test data. See Section 5.1 for further details.

5.6.2. Materials Characterization

Materials characterization for HSR sonic fatigue efforts included both sub-
component testing and high-cycle fatigue testing of coupons and joint specimens.
The objective of this task was to conduct tests needed to define material allowable
strains for sonic fatigue analyses.

Sub-component Testing

In order to evaluate the sonic fatigue characteristics of candidate structures, two
candidate panel concepts were chosen to be tested in NASA-LARC Thermal
Acoustic Facility Apparatus (TAFA) in 1997 [S-2]. Because less is known about
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acoustic fatigue of honeycomb panels, both candidates tested were honeycomb
core panels with face sheets. One was an ASTECH titanium core panel with
titanium face sheets. The other was a titanium core panel with IM7-PETI5 face
sheets. Testing of each panel was performed for one simulated lifetime of 15,000
hours at 158dB for the wing strake. During the tests, there were no signs of
structural degradation while monitoring the frequency response of the panels.
Periodic ultrasonic non-destructive inspections performed prior to, during, and
after the test revealed no damage to the panels [S-1].

Sonic Fatigue Coupon Testing

The primary step to determining the acoustic fatigue life of candidate structures is
to calculate the damage caused by panel strain response. Sonic fatigue coupon
tests were conducted on candidate materials that were to be used in the skin
stringer structural concepts. Ti 6-2-2-2-2 and IM7/PETI-5 were the primary
material candidates that had been previously tested by the HSR CAS and Metals
ITD teams under the material development phase of the program. The purpose of
these tests was to study the effect of static pre-load and temperature on fatigue
life. The results of these tests were then to be used in the design and evaluation of
candidate structures. Midway through the testing in 1997, metals were abandoned
as candidates for the aircraft skin. A summary of coupon tests conducted is found
in Table 1 [S-1].

Table 1: High Cycle Fatigue Test Summary

MATERIAL | CONDITION | [&2T COMMENTS
Metals
Ti 6AL-4V Annealed Sept. 95 Room temp., R=-1,
Ti 6-2-2-2-2 SPF Disbond Oct. 95
) Room temp., 350°F, no
Anng?é?(cféab,\ged, S\?Slty?ﬁ preload, RR:_ (—)1, R=-1/2,
Annealed, Sim July 95,
SP 700 SPF & Aged Nov. 95
Annealed, Sim June 95,
IMI'550 SPF & Aged Nov. 95
B-21s STA Sept. 95 Room temp., 350°F
Composites
IM7/K3B HYBIrgFIeLdee;brid Nov. 95 Room temp., 350°F
Includes 25% Feb. 96,
IM7/PETI-5 Boron, 10% Apr. 96, Room temp., 350°F
Boron Sept. 97
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5.6.3. Sonic Fatigue Code Development

The non-linear random structural response NASTRAN Direct Matrix Abstraction
Programming (DMAP) code developed by NASA was chosen as the best base
application for sonic fatigue analysis. This development proceeded through 1999
with the goal to employ it for sonic fatigue analysis of baseline HSCT structure
when the process sufficiently matured. The methodology was recently improved
[S-3, S-4] and the code rewritten to improve its accuracy over the earlier
SEMELRR version [S-5]. Efforts to couple it to MSC/Fatigue for a multi-modal
fatigue-life calculation are planned for FY 2000 under the NASA Airframe
Systems Ultra-Lightweight Structures program.

By the conclusion of the sonic fatigue effort, an interim analysis process was
developed and used in lieu of the final analysis process using the non-linear
DMAP and MSC/Fatigue as outlined above. Both processes are shown in
flowchart form in Figure 10.
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5.6.4. Response Reduction Techniques

The objective of these analytic and experimental studies was to develop passive
techniques / structural treatments to improve sonic fatigue resistance for critical
structural components of the High Speed Civil Transport.

Damping Treatments

An analysis was performed to determine the extent of damping which can be
obtained from the addition of damping layers in the fuselage skin laminate or the
addition of damped, segmented stiffeners. Four different methods of damping the
structure were investigated. These included: (1) adding constrained layer
damping to the inside skin surface, (2) adding damped longitudinal stiffness in the
center of the skin panels, (3) adding transverse damped stiffness to the skin
panels, and (4) a configuration using damped cross stiffeners with augmented
stringers. Details of this work and validation testing as part of the AEDC
supersonic wind tunnel tests may be found in [S-1].

SMA Hybrid Composites

A thermomechanical response prediction tool for composite structures with
embedded shape memory alloy (SMA) actuators was developed early in the HSR
program and was reported in Turner et al. [S-6]. That work was terminated under
the HSR program in 1997, but was continued under the NASA Langley Aircraft
Morphing Program. Efforts since that documented in the above citation include
reformulation of the SMA hybrid composite constitutive model and resulting
finite element thermomechanical analysis formulation, development of a SMA
actuator characterization capability, and development of a SMA hybrid composite
fabrication capability.

5.6.5. Sonic Fatigue Design Requirements

Minimization of the thickness of skin panels and substructure has the potential for
significant cumulative weight savings over an entire aircraft. The objective of this
task was to develop guidelines for initial design of efficient fuselage structure
tolerant of the severe exterior acoustic noise environment experienced by the
HSCT. Sonic fatigue analyses were conducted on representative HSCT side
fuselage skin panel/stringer/frame and honeycomb panel/frame sub-components to
define structure capable of achieving the sonic fatigue goal.

Two alternate structural systems for HSCT fuselage structure were considered.
The first of these is a system of IM7/PETI-5 composite panels stiffened by a grid
consisting of longitudinal frames and web stringers between those frames. The
second of these systems is a PMC-TI honeycomb panel configuration stiffened
only by longitudinal frames. Sonic fatigue design curves were developed for these
configurations. These design requirements define minimum structural gage and,
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therefore, minimum weight required for an airframe that shall withstand sonic
loads throughout its service life.

Preliminary sonic fatigue analysis was also performed on the HSCT wing design.
This analysis was based on the HSCT design sonic loading due to inlet noise,
interim design curves developed for PMC-TI honeycomb structure (applied
previously to fuselage panels) and NASTRAN/PATRAN parametric linear
response procedures. The objective was to provide guidance to the HSR Wing
Design Team and to provide comments on the current design.

The following conclusions are based on the sonic fatigue analyses:

e The skin/stringer fuselage design requires little modification. Some design
detail to stabilize the edge of the stringer flanges would reduce the penalty in
strain allowable for the high Kt at the edge of the stringer flange.

e Frame spacing in excess of 40-50 inches for the fuselage PMC honeycomb
concept is not recommended due to high vibratory response associated with
the large unsupported panels.

e Core thickness less than 0.5 inches should be avoided in the wing honeycomb
design.

Further details of the design requirements effort may be found in [S-1].
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6. Summary of Results

6.1.

Interior Noise

Sources of Excitation

The TBL pressure fluctuation models were developed and verified using
measurements on supersonic airplanes.

Large amounts of TBL pressure fluctuation, structural vibration and cabin noise
data were collected from the Tu-144 flight test program.

Engine inlet and exhaust noise levels based on Tu-144 flight data are much more
severe than predictions based on tactical aircraft with supersonic capability, such
as the F-15 and AV-8B [S-1].

Structural Acoustics Modeling

Modifications and additions were incorporated within the MDE code to make it
applicable to the HSCT fuselage, including development of composite and
honeycomb elements and implementation of supersonic boundary layer excitation.
Predictions of the structural response and/or noise transmission through HSCT-
type composite panels were validated with TL data, supersonic wind tunnel test
data, and (to a limited extent) Tu-144 flight test data.

AUtoSEA ties acoustic characteristics of a panel to its material and design
properties, allowing design variations to be evaluated efficiently. It also allows
effects (like pressurization) not available from conventional tests to be evaluated.
AUtoSEA captures the main characteristics of the fuselage panels and matches test
data reasonably well. Caution is still advised in predicting absolute levels.

Passive Treatments

The size and shape of a honeycomb panel has more influence on its acoustic
performance than a panel with a skin/stringer construction. There are two reasons
for this:

4) The honeycomb panel ring and coincidence frequencies are much closer in
frequency than a skin/stringer panel.

5) The skin/stringer panel is broken into small elements by the stiffeners
where as the smallest honeycomb panel element is much larger because it
has very few stiffeners.

The consequence for structural-acoustic testing is that honeycomb panels should
be large and curved so that the important acoustic features are captured in the test.
The areas where sidewall passive controls may be improved relative to current
subsonic design are:

1) Trim panel mounting with few attachments between trim and primary
structure will have better transmission loss above 1000 Hz.

2) The most efficient use of mass is to increase the trim panel weight and
stiffness so that the double wall performance is improved.

3) More noise reduction may be possible if fiberglass insulation is optimized.

41



The residual thermal fabrication stresses in a composite panel can alter its modal
response. These stresses may be required in an analytical model to achieve good
test-to-model correlation.

Flight and pressurization loads can change structural response significantly in
both frequency and shape. As a result, add-on damping performance may be
effected.

Loaded structural stiffening pushes coincidence frequencies so low as to make all
panel modes good radiators of sound energy during cruise. Add-on structural
damping is an effective means of suppressing the radiated noise produced at
coincidence by the resonant panel modes.

The standoff constrained layer damping design is more weight efficient when
applied to skin/stringer panels than honeycomb panels. The factor is around 3
times more efficient for the skin/stringer on a delta dB per pound of added surface
weight.

Active Controls

ASAC has been shown to be a viable technique for broadband noise reduction but
will require extensive integration for cost and weight reduction.

Smart foam is an emerging technology that will require additional development in
actuator authority and bandwidth to be effective.

Fluidic trim has the potential to provide substantial noise reduction, but is still in
an embryonic stage of development.

A range of innovative active control technologies have been proposed that will
require extensive additional development and may not be expected to be deployed
until well into the next decade.

HSCT Interior Noise Predictions

The latest predictions of HSCT interior levels show that these levels will exceed
the design goals by up to 15 dBA using subsonic aircraft insulation and trim,
depending on location within the aircraft, type of sidewall configuration, and
flight condition. To meet the HSCT cabin noise goals, the passive and active
noise control techniques investigated to date will have to be further developed and
brought to maturity and their application optimized into a total treatment package.

6.2. Sonic Fatigue

IM7/PETI-5 Material Characterization: This material is extremely resistant to
high cycle fatigue damage with allowable strains exceeding those for titanium. It
has little or no reduction in properties at 350°F. It should be tested at
temperatures up to 500°F to determine its true limits.

Skin-Stringer Fuselage Concept:  This concept, as designed, is very close to
meeting requirements developed for sonic fatigue resistant structure. Sonic
fatigue analyses were conducted on representative HSCT side fuselage sub-
components to define structure capable of meeting the sonic fatigue goal. Initial
design curves, developed by NASTRAN linear response parametric analyses,
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provide required thickness values for skin panels, stringer webs and stringer
flange areas. These criteria were applied to the fuselage pathfinder designs. It
was assumed that high acoustic impingement exists on the side of fuselage
Section 43 due to a wake from the canard and on the sides and bottom of fuselage
Section 46 as a result of engine exhaust noise. Minor changes were recommended
in the areas below the window belt and passenger floor [S-1]. This design
concept could be improved significantly if the terminations in the stringer flanges
were tapered. This would increase the endurance limit significantly and possibly
remove most of the required structural gage increases recommended for sonic
fatigue considerations.

PMC-TI Honeycomb Concept: High cycle fatigue resistance of PMC-TI
honeycomb structure is governed by its limited shear capability in the bond
between the honeycomb and face sheet. This failure mechanism was identified by
testing of honeycomb strip beams and verified by NASTRAN linear response
vibration analyses of the strip beams and sonic fatigue analyses of panels. Design
curves were developed from these analytic results and applied to representative
HSCT panels. To accommodate this limited shear capability of the bond, core
thickness less than 0.5 inch and panel dimensions greater than 50 inches are to be
avoided.

Tu-144 Flight Data: ~ Sonic fatigue design requirements were based on the lower
tactical aircraft predictions because it is expected that an aircraft with the noise
characteristics of the Tu-144 would not be economically viable.

Addition of Damping to Structure:  Because of the very high durability of
IM7/PETI-5, the addition of viscous damping layers to reduce sonic fatigue is not
weight effective for a skin-stringer fuselage. Increasing material gages or adding
substructure, where required, seems to be more efficient. Damping techniques
may be required, however, for other aircraft components, such as empennage or
control surfaces, which were not analyzed in the present program.
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7. LessonsLearned and Recommendationsfor the Future

7.1. Programmatic

Several points related to program management and function, both positive and
negative, are worth noting.
On the plusside:

The Structural Acoustics ITD Team functioned very well under the policy of
management by consensus. We were able to draw upon the technical
strengths of each organization and divide work along these lines rather than
equally dividing work by dollar value or some other non-technical rational.

A stable team membership with appropriate representation of technical areas
enabled multi-year plans to be formulated and followed. A good choice of
supporting subcontractors (Lockheed-Martin, Purdue University, VPI,
Stanford Research Institute, etc.) helped enable these plans to be fulfilled.
Multi-year PCD plans, though painful to develop, helped keep the program on
track and afforded a sufficient level of flexibility for change as necessary.

The program was aimed at minimizing risk, e.g. a planned work cycle of
testing, model verification, and prediction update in an iterative fashion.
Annual reviews were beneficial, although the amount of technical review was
diminished when other team reviews were held concurrently. Separately held
semi-annual reviews tended to be more technically productive. Open
communications facilitated resolution of technical and programmatic issues in
a timely fashion.

The team was able gain support from the TMT only after the weight impact
associated with interior noise and sonic fatigue was recognized and
appreciated relative to other technology areas. Early in the program, this was
not the case and the budget suffered from continual cuts.

On the minus side:

Budgets were not assured and stable over a long period of time. Annual re-
planning efforts, which could have been used to productively change plans for
technical reasons, turned largely into self-preservation exercises. This had the
effect of diverting already precious resources to non-productive tasks.
Further, providing detailed budget information had the negative effect of
making it easy to take budget away.

Work on high risk, high-payoff technical work was difficult to defend and this
was reflected in the program plan.

It was difficult to get a handle on costs associated during wind tunnel and TL
facility testing during the planning process. This had the undesirable effect of
cost overruns and the necessity to postpone or cut other work in order to stay
within budget.

Because the Structural Acoustics effort was to effectively end in FY 2000, an
aggressive PCD2 period was planned for technology development in order to
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leave the PCD3 period for integration and optimization. In hindsight, a more
liberal technology development schedule would have allowed the plan to be
more effectively executed.

7.2. Technical

7.2.1. Interior Noise

The HRS Interior Noise program was successful in advancing the interior noise
control technology.  However, since the HSR program was terminated
prematurely, a number of technical advances were not brought to fruition. The
following lessons learned lead to specific recommend actions for continuing the
interior noise reduction technology effort:

Accurate TBL predictions are necessary for accurate interior noise level
predictions. The accuracy of the TBL model can be improved if evaluations of
the forward and backward facing step data collected during the 1998-1999
Tul44 flight-test program are carried out. Also, measurements need to be
made of the effects of pressure gradient on the TBL excitation. All of these
results should be integrated into a new exterior prediction procedure. This new
prediction process should be extended to include cross spectrum estimation.
Controlling noise at the source is the most effective method of achieving
substantial noise control. Therefore, as a long-term effort, TBL modification
and control (e.g., BL suction, cooling, tripping, etc.) should be investigated to
reduce the source of excitation and, hence, reduce supersonic airplane interior
noise.

The JN8NR code for near-field jet noise prediction requires substantial
computational resources and is somewhat time consuming to run as a result of
several numerically intense algorithms. It is recommended that some
empirical formulas that would provide quick prediction capabilities be
distilled from this analytically oriented code.

The effects of pressurization are important and may have significantly
different effects on the composite panels. All of the TL testing in the current
program was carried out without pressurization. Therefore, it is recommended
that future TL testing include the pressurization. The TL test data thus
acquired can then be used with a higher level of confidence in verifying the
prediction models and for making the decisions on fuselage configuration
selections.

Fiberglass analytical modeling has shown that there is a potential for greater
noise control, 3 to 5 dB average improvement in Speech Interference Level,
with no weight penalty if fiberglass insulation can be successfully re-
engineered. It’s recommended that samples be fabricated and tested.

Two key points were learned about acoustic testing of composite structural
panels: 1) the size and shape of honeycomb panels has a strong influence on
the test result, and 2) panels need to be designed to the same loads to get the
best acoustic comparison between panels. The size and shape has the greater
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influence on honeycomb panel results where the ring frequency and
coincidence frequencies are closer than the skin/stringer design. To capture the
important acoustic features, and to get an accurate picture of the relative
performance between skin/stringer and honeycomb panels, these panel
features are recommended: 1) test panels need to be designed to the same
structural loads, 2) should be fabricated with the best available materials, 3)
minimum dimensions of around 5 by 3 feet (3 feet on the curvature), and 4)
have curvature like that of the airplane.

Although the AEDC wind-tunnel tests provided structural-acoustic data that
was not previously available, several test changes would have made the
resultant database even more useful. The first recommendation is that a future
wind-tunnel test should be done with larger test panels. This is especially true
for the honeycomb panel. The second recommendation is that the acoustic
measurement area, the volume behind the test panel, must have a lower noise
level environment than the 1998 AEDC tests. A lower noise level
environment is necessary for passive controls testing of trim and insulation.
An acoustic enclosure is the recommended method to achieve the lowest
ambient levels.

Active noise control techniques are effective in reducing airplane interior
noise levels caused by turbulent boundary layer excitation, as demonstrated by
AEDC wind-tunnel tests. Additional testing should be performed to develop
techniques for optimization and practical implementation of active-noise
control hardware for use on an airplane as a noise-control treatment. This
development work should include a wide range of investigations from ways of
determining the numbers and locations of the control hardware (piezoelectric
patches, smart foam, etc.) to what kind of hardware will be suitable for in-
service application on the airplane.

There are indications that the effectiveness of individual noise control
treatments diminishes when combined with other individual treatments. It is
recommended that testing and modeling of passive and active control in
combinations be carried out for the purpose of developing an understanding of
why and how this happens, how to predict the combined behavior, and
eventually develop techniques that overcome this effect.

The HSCT damping design must work effectively at the low temperature
subsonic cruise segment and the high temperature supersonic cruise segment.
The simple approach of stacking the low- and high-temperature dampers
results in an unacceptable weight penalty. A better damper design is necessary
so that the added weight is reasonable. Therefore, it is recommended that the
development of passive treatments for the primary structure continue. Three
areas should be focused on: 1) complete a two temperature damping design for
both the honeycomb and skin/stringer fuselage; 2) determine how fuselage
loading affects the damping design - placement of damping and the change in
damping level with load; and 3) investigate if the viscoelastic damping can be
included in the composite lay up process.
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One method of finding the best acoustic design is to develop a tool that can
take all the important acoustic design parameters and find optimum values.
Although there are optimizer tools available, there was nothing that could do
the optimizing for HSCT sidewall acoustic design. Therefore, an AutoSEA2
sidewall TL optimization tool was developed. Preliminary results have shown
that the tool will predict a noise-control improvement similar to the
honeycomb double core thickness test results of August 1999. The tool
appears promising and, therefore, it is recommended that this tool, or
something like it, be developed further because it has the potential to optimize
(minimum weight with maximum noise control) the noise control treatment
throughout the entire fuselage.

7.2.2. Sonic Fatigue

The HSR Sonic Fatigue program provided considerable useful information, which
if extended, would be even more valuable. The following lessons learned lead to
specific recommendations for continuing effort:

Sonic-fatigue design requirements were based on HSCT predictions made
from tactical aircraft data. However, limited analysis of the Tu-144 flight data
has indicated that the HSCT sonic loading is higher than that predicted from
the tactical aircraft data. To improve the accuracy of HSCT predictions it is
recommended that further analysis of the Tu-144 flight data be performed.
This analysis would specifically address the distribution of sonic loads on all
high acoustic zones of the airframe, i.e., to develop a sonic load map of the
airframe. High acoustic load zones include the engine nacelles, trailing edge
control surface and empennage. These data can then be scaled based on
HSCT expected engine flow rates, areas and temperatures to yield more
accurate sonic load predictions.

IM7/PETI-5 is extremely resistant to high-cycle fatigue damage with
allowable strains exceeding those for titanium. It has little or no reduction in
properties at 350°F.

Current linear analysis and the resulting uncertainties in results lead to
conservative, relatively heavy designs. Completing the development of the
NASTRAN DMAP solution for non-linear dynamic response and the life
calculation (MSC Fatigue) fatigue module is recommended so that more
accurate sonic fatigue analyses can be performed.

Sonic-fatigue resistant structure can best be achieved when sonic-fatigue
analysis is an integral part of the airplane detailed design. Therefore, it is
strongly recommended that any future structural design effort include sonic-
fatigue analysis as an integral part of the design. It is very important to
evaluate structural design details, such as close-outs at the edges of
honeycomb panels which could be prone to adhesive shear failures in areas of
high dynamic response of large panels, which would cause significant
problems if not addressed.
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